Optical coherence tomography can differentiate brain regions with intrinsic contrast and at a micron scale resolution.
| INTRODUCTION
Neurosurgical interventions have evolved to provide effective treatment for a variety of disabling conditions including tumors [1] , epilepsy [2] , dystonia [3] and Parkinson's disease [4] [5] [6] . Given the small scale and intricate complexity of deep brain structures, accurate localization of structures and guidance of instruments have a significant impact on clinical outcomes. However, current intraoperative guidance methods are limited by an Ilan Felts Almog and Fu Der Chen contributed equally to the study. absence of real-time visual feedback of the region ahead of surgical instruments inserted in the brain. Although auxiliary imaging technologies have been developed such as intraoperative magnetic resonance (MR)/computed tomography (MR/CT)-assisted neuronavigation [7, 8] ), they fail to provide real-time feedback of the precise position of specific regions and structures targeted by the neurosurgical procedure [9, 10] . A common minimally invasive technique in stereotactic neurosurgery is the implantation of electrodes for deep brain stimulation (DBS) [5, 11] . The current standard for guidance in DBS electrode implantation surgery is the recording of electrical neuronal activity via microelectrodes [12] . Different brain regions are identified by the electrophysiological pattern of neuronal activity, or by the patient's behavioral response to electrical stimulation at the implanted electrode [13] [14] [15] . Such iterative recordings and stimulation are lengthy procedures and require an expertise in electrophysiology which might not be available in all neurosurgical centers.
Optical coherence tomography (OCT) is an imaging technique which can generate high-resolution 3D images, in some cases in real time. OCT first became popular in the field of ophthalmology, allowing for improved diagnosis of retinal conditions. OCT is now the gold standard in retinal imaging and its use in many other clinical fields has been investigated [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . More recently, OCT has been used to differentiate brain elements with intrinsic contrast (ie, without additional labeling) and appears to be a promising option for neurosurgical guidance [26] [27] [28] [29] [30] [31] [32] .
Swept-source OCT (SS-OCT), a type of OCT which employs tunable laser sources, has been shown to provide increased sensitivity and speed [33] . Although SS-OCT has been previously implemented with full-field (FF) acquisition [34] [35] [36] , in which 2D frames are acquired with a camera instead of point-by-point scanning, no such systems have been shown employing wavelengths around 1310 nm. As that is a standard wavelength band in telecommunications, laser sources, optical components and specialized coatings are widely available. The wavelength also coincides with one of the biological optical windows, providing longer imaging depth in tissue [37] [38] [39] [40] . Such specification is critical in detecting upcoming vascular structures for surgical guidance applications. Moreover, to our knowledge, no FF-SS-OCT system has been demonstrated with an endoscopic tip, which is small enough to fit into the surgical cannula to access deep brain regions.
Several studies have evaluated the feasibility of using OCT for the visualization of morphological structures in the brain and to distinguish between healthy and diseased (eg, tumorous) brain tissue. These systems relied on indirect features other than intrinsic brain structures, such as signal attenuation or the presence of blood vessels, calcifications or cysts, to achieve classification of tissue [41] [42] [43] [44] . More recent studies overcame these limitations and were able to resolve fine morphological features of the brain [27, 28, 30, 45] . However, all of these studies used large microscope objectives which can only image tissue sections or the surface of the brain and are incompatible with deep brain imaging.
An endoscopic FF-OCT system demonstrated by Benoit a la Guillaume et al provided sufficient resolution to resolve neurons, but its imaging depth was limited to tens of microns [46] , whereas the structures of interest for neurosurgeical procedures are at least 1 mm thick. Another study, by Liang et al, employed an endoscopic probe in a SS-OCT system around 1310 nm and was able to distinguish between white matter, gray matter and blood vessels in a sheep brain, which has a brain volume that is about 100 times larger than a rat, but the authors could not distinguish not between among different types of gray matter [32] . Also, although the endoscopic probe diameter was thinner than ours (740 μm vs 1 mm), that system used a scanning mechanism and only produced 2D images. In the context of DBS, acquiring a 3D volume of several hundred microns can be a valuable supplement in precisely identifying topologically complex brain structures.
In this work, we present the first FF-SS-OCT with an endoscopic probe tip operating in the 1310 nm wavelength range. We designed the system to be compatible with neurosurgical requirements. Images were obtained from both ex vivo brain tissue and in vivo animals. Image processing algorithms were developed and applied to the obtained images for the differentiation of brain regions. Figure 1 shows the overall design of the OCT system. The endoscopic probe was the most essential component in the system. The probe design was carried out via Zemax OpticStudio simulations and its components were custom-manufactured. A low numerical aperture (0.2 NA) cylindrical gradient-index (GRIN) rod lens (GRINTech GT-LFRL-100-20-CC-1550) of 1 mm diameter and cut to 3.18 mm length was attached to a cylindrical glass spacer (7.1 mm long). This arrangement provided for a longer depth of field (DOF) while meeting the desired resolution and magnification requirements for object planes within~150 μm away from the endoscope facet. The total length of the endoscope was 10.28 mm, which could be increased for deeper penetration into the brain with the addition of a relay GRIN rod lens. The diameter of the endoscope increased to 1.5 mm after the addition of a stainless steel sleeve, which fits in most neurosurgical cannulas [47] . We used the reflection from the distal surface of the endoscope as the reference for the common-path interferometer.
| MATERIALS AND METHODS

| Optical design
Achromatic doublets and a beamsplitter (BS) were used for relaying light into the endoscope and for relaying the interference image to the infrared camera (Xenics Xeva 320-1.7) via two 4f arrangements, as shown in Figure 1 . These 4f arrangements allowed for controlling the diameter of the collimated beam entering the endoscope, optimizing power coupling, as well as to choose the total magnification of the imaging system. Light was injected into the system with a standard FC/PC SMF28 fiber. A summary of the achieved parameters for the setup specification is listed in Table 1 .
| OCT-resolving steps
Identical to other SS-OCT systems, the interference pattern on the camera, I IMG , of the proposed FF-OCT system can be given as where z ref is the depth of the reference, z max is the maximum distance from which backscattered light is observable, n is the refractive index of the sample, I samp (x 0 , y 0 , z i ) is the intensity of backscattered light from each reflector at location (x 0 , y 0 , z i ) in the sample and I ref is the intensity of backscattered light from the reference reflector.
In FF-SS-OCT, by sweeping wavelength λ 0 and applying the Fourier transform on the interference pattern I IMG , depth information can be retrieved [48] . In the full field configuration, the detection was done on the entire 2D field rather than a single point source, which shortens data acquisition time and removes the need for a scanning mechanism.
Our system used a swept wavelength tunable laser from 1260 to 1345 nm (Keysight 81600B-130). The wavelength step size was 0.042 nm to yield over 2020 
frames per sweep, translating to 10 mm in depth. The step size was chosen such that any aliasing noise from the interface or proximal end of the GRIN lens would not be within the usable DOF range of the optical system. Custom code for hardware control image acquisition and processing was implemented in Matlab. A volumetric sweep (C-scans) with a volume of 450 × 450 × 700 μm 3 can be acquired, processed and displayed in less than 20 seconds on a computer with and 3.60 GHz Intel Core i7 CPU and 16 GB of random access memory. The depth information is extended beyond the DOF because some structures are still preserved in deeper region. Such image has been included in the Supplementary Document S2.
As a validation of the proposed OCT design, we resolved a volumetric image of a phantom made of glass beads with a diameter of 55 ± 1 μm and a refractive index of 1.95 in 1% agarose gel (Corpuscular Corbeads 4-55). The results presented in Figure 2 demonstrated the system can resolve beads at various depths.
| Experimental procedures
All animal procedures conformed to ethical guidelines as per the Canadian Council for Animal Care. Two adult Wistar rats (200-300 g) were used for the in vivo experiments and three rats were used for the ex vivo experiments.
For ex vivo experiments, the animal was humanely euthanized with urethane overdose, decapitated, and the entire brain was then extracted and immediately frozen, then sliced and thawed at room temperature. Ex vivo images were acquired within 30 minutes of thawing from the cortex, the corpus callosum, the striatum, the hippocampus, the thalamus and the ventricle by sectioning the brain and directly placing the endoscope on the targeted region. However, thawed brain samples were relatively deformable. To validate whether the signal is repeatable over sequential scans at the same position, some brain samples were maintained in a frozen state during data acquisition.
For in vivo experiments, the rats were anesthetized with an intraperitoneal injection of 1.5 g/kg of urethane and mounted with earbars on a stereotactic frame (Kopf Instruments). The stereotactic frame was vertically mounted to a custom rigid frame holder on an xyztranslation stage. Bilateral cranial opening over the frontoparietal region was performed, and the dura mater was punctured at the cortical penetration location (Bregma: ML −3 mm, AP −2.3 mm) prior to inserting the endoscope, the surface of the brain was irrigated and the dura mater at the planned penetration location was punctured prior to inserting the endoscope.
The system was aligned with the aid of the USAF-1951 resolution target. Camera settings were adjusted for fast acquisition of images with high dynamic range. The integration time was adjusted to maximize the acquired intensity without saturation over all wavelengths and all pixels. The target region of the brain was positioned in front of the tip of the endoscope and aligned with the aid of the translation stages. The animal was then moved towards the endoscope until a fluid interface covered the endoscope facet. For in vivo experiments, this was the reference position with respect to which penetration depths were measured. The entire stereotactic frame was slowly advanced as the endoscope penetrated into the brain by 500 μm or 2 mm steps, depending on the region.
At least three sequential sweeps were acquired at each position. Upon completion of the experiments, the endoscope was gently retracted, and the tract was irrigated with saline until bleeding was stopped. Transcardiac perfusion with 250 cc of 0.9% saline and 250 cc of 4% paraformaldehyde fixative solution was used to euthanize the animals under deep anesthesia, followed by decapitation. The brains were removed and sectioned into 40 μm thick slices for histological staining. Nisslstained sections were then compared to the OCT images to correlate the features with the Rat Stereotactic Brain Atlas [49] .
| RESULTS
| Ex vivo brain imaging
OCT scans of ex vivo brain tissues, sliced to expose the different regions of interest, were obtained by directly placing the endoscope on the targeted region. Experiments were done on the cortex, the corpus callosum, the striatum, the hippocampus, the thalamus and the ventricle. Figure 3 shows representative images of the brain regions with maximum intensity projection along the y-axis over 161 frames, equivalent to a depth of 450 μm. A total of 53 volumetric images were collected (to be discussed in the next section), and they are similar to the results shown in Figure 3 . The distinct features in the images relate to the optical properties of each region. For instance, due to stronger scattering in white matter, light is more attenuated in the corpus callosum. Cortex and hippocampus have a homogeneous pattern, whereas striatum and thalamus exhibit dark stripes along the axial direction, partly due to a more heterogeneous structures in the region. Lastly, the ventricle appears dark until deeper regions, where tissues scatter light more strongly. The image characteristics are quantitatively analyzed for classification in the next section.
Without maximum intensity projection, it was more challenging to observe the distinct features but some macro structures in certain brain regions could be captured. An example of a B-scan of an ex vivo rat thalamus is shown in Figure 4A . Macroscopic (>10μm in size) features are observed even several hundred micrometers deep in the tissue, but cellular features, such as neuron bodies, could not be identified. The dark regions in Figure 4A have depths of about 50 microns, which may correspond to blood vessels or high concentrations of cell bodies. Vessels and cell bodies have been reported to appear dark when imaged by OCT [30] .
The scans were reproducible if the tissue did not change. Figure 4B shows the cross-section of frozen thalamus tissue at a depth of 450 μm for three successive scans. Although the smallest features had some variation, the overall images and features are reproduced repeatably with high fidelity. Figure 4C compares the signal intensity along the yellow line in Figure 4B . The intensity profiles of the three successive scans are nearly identical across the field of view. We apply the Matlab Structural Similarity evaluation function (SSIM) to two sequential sweeps to quantify the similarity of images. This metric measures the similarity of two images based on (a) luminance, (b) contrast and (c) structure, and has a value ranging from −1 to 1, with identical images having a value of 1 [50] . The SSIM value for two sequential OCT reconstructions at a 450 μm depth in the tissue over 10 trials is 0.91 ± 0.03. The error is likely due to thawing process of the samples when in contact with the endoscope.
| Classification on ex vivo data
To further understand the significance and the consistency of the features observed in the ex vivo data, we have built a classification model to differentiate the brain regions. To test the repeatability of the features, we collected a total of 53 volumetric images from nonperfused ex vivo samples from three rats. These images were obtained with precise knowledge of the location of the endoscope tip during the scan time, providing a ground-truth for classification. Each C-scan was split into two C-scans along the y-direction to increase the sample size, resulting in a total of 106 data sets. Further splitting of the data degrades the image consistency within the same group because image intensity falls off on the side of the image a result of Gaussian illumination. Finally, the images were grouped into three classes: Group 1: cortex or hippocampus (44 samples); Group 2: corpus callosum (24 samples) and Group 3: striatum or thalamus (38 samples). These classes were selected due to their similarity in macro-scale features captured in OCT images as described in previous section. Also, the cortex and hippocampus can belong in the same class because they are located at distinctly different depths of the brain, and thus can be clearly differentiated according to the depth of penetration of the endoscope. Similarly, the insertion location can differentiate regions in Group 3 (striatum/thalamus) since the striatum is located in the anterior of the brain while thalamus is located at the posterior region. The ventricle is not included in the classification subgroup because of limited data. The data set is split into a training set (70 samples) and a test set (36 samples). Training and testing sets are sampled from different rats for validating the generalization of the classifier across multiple animals.
For feature extraction, we used the Gray Level Co-Occurrence Matrix (GLCM) for capturing the texture features of the image and attenuation coefficient for describing the optical properties the tissue type. GLCM is a common texture-based feature which evaluates four properties of a pixel value with respect to its neighbors: (a) contrast, (b) uniformity of energy, (c) correlation and (d) homogeneity, to provide a statistical measure of the intensity variation in space [51] . Several processing steps were applied to the image before extracting GLCM properties. A summary of the processing steps is presented in Figure 5 which we describe in the next paragraphs.
Previous works [29, 52, 53] have shown that the attenuation coefficient of tissue calculated from the intensity decay along the imaging depth can differentiate between white and gray matters, because white matter, consisting of myelinated neural fibers, scatters light more strongly. Figure 6A shows a similar results in our data, as the attenuation from the corpus callosum (Group 2) is clustered on the higher side of the attenuation axis. However, we can see from Figure 6A that attenuation is insufficient in separating different types of gray matter (Groups 1 and 3) .
Instead, we found more success using GLCM to extract features that enabled us to differentiate between homogeneous gray matter and other brain regions with more complex structures. To prepare the image data for GCLM, first, a maximum intensity projection was performed along the y-axis to collapse the prominent features into a single frame followed by max-pooling into a grid size of 25 by 5. These two downsampling schemes are essential to capture the sparse features scattered across the image. Then, the four GLCM properties were extracted with a step distance of one pixel along four directions (0 , 45 , 90 and 135 ). The mean of the properties across the four directions was used to minimize the effect of rotational variance. To understand the significance of the features in differentiating the two groups, we calculated the P-value with Mann-Whitney U test. We also used the ratio of between-and within-class scatter matrices to evaluate the separability of the cluster [54] . The formulation of the metric can be written as
where S W is the within-class scatter matrix and S B is the between-class scatter matrix. S W is defined as
and S B is defined as
where C is the number of classes, x is the data points in class i, μ i is the mean of x, μ is the mean of all data points and N i is the number of samples in each class. This ratio compares the distance of between each group with the variance within each group. A larger ratio indicates the groups are further apart from each other. Figure 6B shows a comparison of the four GLCM properties between Group 1 and 3. As expected, the image contrast of striatum/thalamus is higher than homogeneous regions like cortex/hippocampus with statistical significance. Higher correlation for images of cortex/hippocampus also suggests that the pattern is more homogeneous. The separability metric, J, and the P-value suggest that contrast and correlation perform relatively well in discriminating cortex/hippocampus from striatum/thalamus; thus, both are features used in the classification. Figure 7 shows data plotted in the two dominant components in the principal component analysis and the hyperplane of support vector machine was overlaid on top. There is a clear tendency that the data from each class form a cluster even though there are some data Cortex/Hippocampus, Group 2: Corpus Callosum, Group 3: Striatum/ Thalamus (A) The distribution of attenuation extracted from all data sets from the three groups. The corpus callosum has a higher mean attenuation coefficient than gray matter. B, A comparison of the class separability, J, of the four Gray Level Co-Occurrence Matrix (GLCM) properties as well as the statistical significance difference between the two groups validated with Mann-Whitney U test. Contrast and correlation achieve high separability with statistical significance (P < .001) between Groups 1 and 3 F I G U R E 7 Results from tissue classification based on the attenuation and Gray Level Co-Occurrence Matrix (GLCM) properties. Dimensionality-reduced principal component analysis (PCA) plot showing the classification of tissue types into (a) cortex/ hippocampus, (b) corpus callosum and (c) striatum/thalamus. The linear hyperplane formed by the support vector machine classifier is overlaid to reveal the classification accuracy. Roughly 80% of the data are labeled correctly with some misclassified data potentially due to tissue variability overlapped, partly due to tissue variability like the density or the orientation of myelinated axon. With this method, the OCT images were classified into three tissue groups with 10-fold cross-validation accuracy achieving 82.4% ± 14.7% and a test accuracy of 75%, indicating the model is generalizable over the three rats.
| In vivo brain imaging
For the in vivo experiments, we targeted the putamen, a part of the striatum which is particularly relevant for functional neurosurgery and the treatment of Parkinson's disease [55] . Here, we present an insertion performed on one rat. The penetration tract for the experiment is shown in Figure 8 . The path of the tract and the end position were confirmed using Nissl-stained histology. Figure 9 shows the reconstructed images at several penetration depths. The bright structure indicated by the green arrow in Figure 9A was likely tissue residue stuck on the endoscope during the insertion process, since such structure appeared consistently for penetration depths from 0 up to 2 mm. The first 140 μm was cropped for the following analysis for all images to avoid the influence of the tissue residue. In Figure 9B ,C, some dark shadows, as indicated by the red arrows, may be blood vessels since blood is more absorbing than other tissue types at 1310 nm. These features appeared consistently over three repeated scans as presented by the line profile. Figure 10 shows the average intensity and the attenuation coefficient of the OCT scan along the tract. These properties correlate with the relative anatomic positions of the brain regions. For example, the weakest intensity and the lowest attenuation were at the shallowest penetration depths, corresponding to the location of the cortex, while the brightest intensity and the highest attenuation were closest to the corpus callosum along the tract. A bright intensity region appeared near 5 mm penetration, which corresponded to the interface between the putamen and internal capsule, a region with dense myelinated fibers. Such results were repeatable over three sequential scans at the same position. Compared to the ex vivo data, the in vivo data shows a lower attenuation for the cortex region and corpus callosum (1-4 vs 4-8 mm −1 ). This is expected as the attenuation of certain brain regions has been reported to increase after exposing to room temperature saline [56] . Figure 11 shows that in vivo data generally have lower GLCM contrast than the ex vivo data. Also, the standard deviation of contrast value for in vivo cortex is 50% of the mean. The high variability makes it difficult to directly compare in vivo with ex vivo data. These results can be explained by motion artifact from natural biological processes such as cerebrospinal fluid (CSF) pulsation and respiratory motion of the rat. The experiments in [57] showed that transverse and axial motion can reduce the image resolution which leads to a reduced contrast. Also, axial motion increases the depth error and decreases the SNR of the image, which can distort texture information. Since the acquisition time was 8 seconds, motion artifact would reduce the image quality. The drift in the attenuation factor and the GLCM properties posed a challenge in transferring the classification algorithm developed in the previous section to in vivo data.
| DISCUSSION
We have presented the first demonstration of FF-SS-OCT with >1 μm wavelength light as well as the first demonstration of such a system with an endoscopic probe which can be inserted several millimeters into tissue. With a mm-range penetration depth, a 400 μm DOF, 6.5 μm transverse and 14 μm axial resolutions, the OCT system presented offers imaging capabilities and a form factor that are unique compared to other imaging modalities and match the requirements for DBS procedures. In comparison with the work presented by Liang et al [32] , this system was able to generate 3D images of the tissue with higher transverse resolution, which also provided additional details and features to aid in the classification of different brain regions. A framework for analyzing the obtained scans was also developed, including a classification algorithm for identifying different types of brain tissue for ex vivo samples.
Although individual neurons were not imaged, the system captured macro-features that were related to the tissue composition of the brain regions. The repeatability measure applied to frozen ex vivo samples demonstrated that these macro-features were repeatable over sequential scan with the system. Moreover, the intensity-and texture-based features extracted from images in fresh ex vivo samples were consistent across tissue samples which led to a classification test accuracy of 75%. Potential sources of error are the variability between tissues (ie, density and orientation of myelinated axon) and the change of optical properties of brain regions over time in ex vivo samples. As reported previously [56] , the attenuation coefficient of some regions of the brain, like cortex, can increase by two times within 30 minutes when only exposed to saline.
For the in vivo results, 2D OCT can be used in the future to validate if the dark shadows (eg, in Figure 9B ,C) are blood vessels by measuring the intensity variance [58] . The observed average intensity and the attenuation coefficient of the in vivo data exhibited correlation with the structures along the tract, which is promising for using the FF-SS-OCT system with the developed algorithm to classify brain regions in live brain imaging. However, directly applying the same classifier developed for ex vivo samples to in vivo samples can lead to inaccurate results. The main limiting factor for in vivo imaging was the degradation of the image quality due to vibrations from natural biological processes (eg, CSF pulsation and blood flow). This is evidenced by the reduced contrast of the in vivo data set compared to the ex vivo data set. One way to address this issue would be to acquire scans faster by using cameras with higher frame rates and lasers with a higher wavelength sweep speed. Several other improvements can be made to generalize ex vivo classification model for in vivo data. First, acquiring ex vivo data in an air-cooled environment at 2 to 4 would help to maintain the consistency of optical properties between ex vivo and in vivo samples [56] . Second, a more complex classification model using deep learning methods would lead to more robust classification. Incorporating information like the penetration depth or preoperative MRI images can also counter inaccurate classification due to tissue variability, such as the fiber tract orientation with respect to the endoscope. Lastly, having a metal casing with a sharp tip would prevent tissue residue from being stuck on the endoscope.
Finally, for clinical settings, the optical system must be miniaturized and packaged with a longer endoscope similar to the prototype developed by Benoit a la Guillaume et al [46] , but with longer imaging depth. Despite the limitations of our system and measurements, to our knowledge, our findings currently have no direct counterpart in the literature, and can be refined further for greater fidelity.
| CONCLUSION
This work introduced the first full-field SS-OCT system with an endoscopic probe, operating in the wavelength range centered at 1310 nm. The achieved transverse and axial resolution is comparable with some of the previously demonstrated systems [32, 42, 59] , and it presents additional advantages over other higher-resolution systems [28, 45, 46] , in particular due to the relatively thin endoscopic tip and the long imaging depth. The system has the advantage of using components developed for telecommunications. The proof-of-concept system enabled images and tomographies of rodent brains to be acquired with a transverse resolution of 6.5 μm and axial resolution of 14 μm in tissue. Applying classification on attenuation coefficient and GLCM features of the OCT images, regions of the brain, that is, cortex, corpus callosum and striatum/thalamus, can be accurately identified in ex vivo samples, which may translate to clinical applications such as guidance in keyhole tumor biopsy and DBS electrode implantation. For future work, the system can be miniaturized using original equipment manufacturer components and compacted into a slim, handheld form factor, similarly to the ones recently demonstrated for other OCT systems [46, 60] . Additional work on upgrading the acquisition speed of the OCT and better methodology to obtain high quality data would improve the accuracy and extend the system to in vivo measurements.
